populations that demonstrate substantial divergence toward new phenotypic optima; and second, 118 that phenotypic covariance structure is disrupted in the context of such adaptive events. We 119 predict that 1) differences in morphology are linked to divergence of freshwater forms from 120 ancestral phenotypes toward niche-specific ecotypes associated with altered foraging challenges; 121
2) stickleback fish exhibit transitional morphologies in the skull (and potentially the brain), given 122 the role of the skull in facilitating feeding and the role of the brain in directing behaviour, as they 123 diverge away from the ancestral form; and 3) disrupted phenotypic covariance structure will be 124 identified in freshwater forms that have not yet reached the novel phenotypic optimum toward 125 which they are evolving. 126 were also assessed individually using Procrustes ANOVA to identify differences in population 210 mean shapes for each sex. 211
127

Materials and Methods 128
Study System
Covariance matrix repeatability (Cheverud 1996b ), a measure of the degree to which 212 estimated covariance matrices are representative of biological variation rather than sampling 213 error, was calculated following Marroig and Cheverud (2001) . Covariance matrix similarity was 214 assessed for the complete size-adjusted dataset using random skewers (Cheverud 1996b ; 215
Cheverud and Marroig 2007), a method of calculating and comparing the response of each 216 covariance matrix to 1000 randomly generated selection vectors. We tested the null hypothesis 217 that covariance matrices were unrelated; a significant result indicated similarity between 218 matrices. Global integration within the complete dataset was measured by computing the 219 variance of eigenvalues of each covariance matrix, scaled to total sample variance (Wagner 220 1984; 1990) , and differences among populations were assessed for significance by resampling 221 and re-computing the variance of eigenvalues over 1000 replicates (Manly 1991) . 222
All morphometric and statistical analyses were conducted in R version 3. 
Results
237
Allometry and Sexual Dimorphism Significantly Influence Stickleback Phenotype 238
We observed significant effects of population and size, as well as a population-by-size 239 interaction in the complete averaged dataset (Table 1) . We used pooled multivariate regression to 240 adjust for this effect, and then repeated our analyses. We observed significant effects of 241 population and sex in the size-adjusted dataset, but we found no interaction between population 242 and sex (Table 2 ). We further observed that the Procrustes distances between all four population 243 mean shapes were significant for both the complete dataset (Table 3) , and for males and females 244 examined separately (Table 4, Table 5 ). Covariance matrix repeatability was high for all four groups, confirming that variance in 285 the dataset was representative of biological variation and not sampling error. Global integration 286 was found to be variable between populations for the complete, size-adjusted dataset. Eigenvalue 287 variances calculated for NR -JO, LC -PR, and LC -NR comparison did not differ significantly 288 from each other, while significant differences were found for the other comparisons (Figure 4) . 289
Responses to random selection vectors identified that the PR and NR covariance matrices were 290 significantly similar to each other, while all other covariance matrices were unrelated (Table 6 ). both marine and freshwater environments are highly variable with respect to biotic (e.g., predator 334 communities) and abiotic factors (e.g., temperature), while recent evidence confirms that 335 adaptive phenotypic variation persists in association with heterogeneous marine environments in 336 D r a f t consistent with this finding, where we see notable differences in phenotype between NR and 338 polymorphic freshwater-resident LC groups, and suggest that further research into how 339 stickleback use these environments (e.g., competition and ecological opportunity) may help 340 explain the processes driving ecological diversification of these lineages. Specifically, the 341 polymorphic population (located at the head of Naknek River at the entry point to Naknek Lake) 342 is intermediate in shape between the putatively ancestral and freshwater populations (Figure 2) , 343 presenting a more elongate, shallow, and gracile skull that includes an enlarged eye and reduced 344 opercle, while remaining distinct from the low-plated freshwater populations that show more 345 exaggerated versions of this cranial shape. 346
347
Phenotypic Data Reveal Hints of Selection History 348
The freshwater phenotypes we examine here are significantly different from each other 349 and do not directly conform to classical descriptions of either limnetic or benthic morphotypes. freshwater locations studied here may be driving divergence in morphology. However, as we 361 note above, our experimental design does not allow us to differentiate between the presence and 362 strength of selection acting on the trophic apparatus in comparison to other parts of the 363 phenotype, and we also note the presence of potentially greater predation pressure in Jo-Jo lake 364 (two species) as compared to Pringle Lake (one species). Specific hypotheses regarding the 365 nature of the selective forces differentiating these two freshwater populations remain to be tested. 366
Our results demonstrate that phenotypic covariance structure is substantially disrupted 367 within this assemblage of populations, a finding that is congruent with another recent study 368 examining phenotypic covariance in Alaskan stickleback (Aguirre and Bell 2012). The 369 phenotypic covariance matrices calculated here for the two freshwater populations do not share 370 significant structure (Table 6) , and also exhibit differences in global integration (Figure 4) . 371
Indeed, only the NR and PR populations show any evidence of shared covariance structure 372 (Table 6) a very important role in the maintenance of this structure over evolutionary time. Significant 380 morphological disparity between the two freshwater populations examined in this study (Table  381 3), associated with the presence of significant differences in covariance structure as measured by 382 differing responses to hypothetical selection vectors (Table 6 ) and changes in global integrationD r a f t preservation technique preclude better estimates of (co)variation. However, we mitigate the 388 effects of small size by using non-parametric approaches to multivariate significance testing 389 (Collyer et al. 2015) , allowing us to exploit the unique nature of geometric morphometric data 390 while reaching robust conclusions about phenotypic variation. Second, a lack of genetic data 391 precludes testing certain hypotheses. However, separate analyses have supported significant 392 genetic differentiation between these populations while a common garden experiment has 393 confirmed a genetic basis for size variation between Naknek River, Jo-Jo Lake and Pringle Lake 394 2.81e-6; Pringle Lake (PR): 1.12e-6; Lake Camp (LC): 1.47e-6; Naknek River at King Salmon (NR): 2.34e-6. 116x86mm (300 x 300 DPI)
